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*Taenia solium* is a zoonotic cestode that infects pigs as the intermediate host of the metacestode stage (porcine cysticercosis) and humans as the definitive host of the adult intestinal tapeworm. Humans can also be infected with the metacestode stage resulting in seizures and other neurological manifestations when the parasite encysts in the central nervous system (neurocysticercosis, NCC). The health impact of *T. solium* is substantial in endemic regions around the world where NCC is estimated to be responsible for about 30% of epilepsy \[[@CR1]\]. Given the substantial public health harm caused by *T. solium*, the World Health Organization has called for increased efforts towards control and elimination \[[@CR2]\].

Serological testing for porcine cysticercosis is used to identify regions where the parasite is endemic and to monitor the progress of control efforts \[[@CR3]--[@CR8]\]. Assays based on antigen (Ag) detection using monoclonal antibodies (mAbs) are available, although these are known to cross-react with other *Taenia* spp. making it difficult to interpret the results from field studies. An antibody (Ab) detection test, the lentil-lectin glycoprotein enzyme-linked immunoelectrotransfer blot assay (LLGP EITB), has been used frequently over the last three decades due to its excellent reported performance characteristics (99% sensitivity and 100% specificity) \[[@CR9]\]. However, only a few other parasites (*Ascaris*, *Trichuris* and *Trichinella*) were tested for potential cross-reactivity using sera from controlled experimental exposures \[[@CR10]\]. Sera from naturally-infected pigs with *Echinococcus granulosus* and *Fasciola hepatica* were also tested, but dose, timing, and any potential exposure to other parasites could not be verified \[[@CR10]\].

The LLGP EITB is based on a semi-purified fraction of seven native *T. solium* glycoprotein antigens (GP50, GP42-39, GP24, GP21, GP18, GP14 and GP13), with the number indicating the molecular weight in kDa \[[@CR9]\]. Antibody reaction to one or more of the glycoprotein bands is classically interpreted as evidence of exposure to the metacestode stage of *T. solium*. While it has been hypothesized that pig exposure to or infection with other *Taenia* spp. might result in cross-reactions to one or more of these glycoprotein bands, this issue has remained largely unstudied \[[@CR11]\]. One recent study found no evidence of cross-reaction against any of the glycoprotein bands in five pigs that underwent oral challenge with *T. saginata* eggs \[[@CR12]\]. In a recent field study in a region where *T. solium* had previously been eliminated \[[@CR13]\], we found strong evidence suggesting that exposure of pigs to *T. hydatigena*, a related cestode, could result in cross-reactivity to the GP50 diagnostic band. In a cluster of GP50-positive pigs, the majority were found to be infected with *T. hydatigena* while none was infected with *T. solium* \[[@CR14]\]. In addition, adult *T. hydatigena* worms were found in resident dogs whereas no adult *T. solium* worms were found among resident humans. The objective of this study was to verify whether cross-reaction to GP50 occurs in sera from pigs exposed in experimental conditions to *T. hydatigena* and *E. granulosus*, two related cestodes that are frequently co-endemic in regions where *T. solium* transmission occurs.

Methods {#Sec2}
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*Taenia hydatigena* and *E. granulosus* adult stage tapeworms were obtained from naturally-infected dogs in the highlands of Cusco, Peru, using arecoline hydrobromide purgation \[[@CR15]\]. Intact tapeworms were stored at 4 °C in preservation medium comprised of 25% glycerol, penicillin (1000 U/ml), gentamicin (100 g/ml), streptomycin (1 mg/ml), and amphotericin B (20 g/ml), then transported to the Veterinary School at Universidad Nacional Mayor de San Marcos (Lima, Peru) where the species was determined based on morphological features, including characteristics of the rostellar hooks. Intact gravid proglottids were removed and preserved for a period of 17 days until use in the experimental infection.

We obtained 12 three-month-old Landrace piglets from a commercial farm in Lima, a region where *T. solium* is not endemic. The pigs were verified to be serologically negative for *Taenia* spp. Ag and for Ab against *T. solium* using B60/B158 ELISA \[[@CR16]\] and LLGP-EITB \[[@CR10]\], respectively. The pigs were then divided into two equal groups of six pigs each housed in separate corrals. In the first group, each pig was given an oral challenge with a single gravid proglottid of *T. hydatigena*. The proglottid was mixed into a mush of oatmeal and plantain, which was formed into a ball and then fed directly to the pig. In the second group, each pig was given an oral challenge with 50 gravid proglottids of *E. granulosus* prepared in the same manner. The pigs were then monitored for a period of 14 weeks in order to allow infecting larvae to mature, at which point the pigs were then humanely euthanized and examined by necropsy.

We took biweekly blood samples all pigs until week 14 when the pigs were euthanized and dissected. Whole blood was allowed to clot and was then centrifuged to separate sera. Serum samples were stored at -20 °C, and later analyzed by LLGP EITB for the presence of Ab and by B158/B60 Ag-ELISA for the presence of *Taenia* spp. antigens \[[@CR10], [@CR16]\]. An optical density ratio of \> 1 was considered positive on the Ag-ELISA. All pigs were anesthetized after 14 weeks using intramuscular ketamine (20 mg/kg) and xylazine (2 mg/kg), then euthanized by intravenous sodium pentobarbital (60 mg/kg). We systematically dissected each carcass using fine cuts less than 0.5 cm to inspect for the presence of metacestode infection. The dissection included all skeletal muscle tissue, heart, liver, lungs, esophagus and intestines. All suspected viable, degenerating, or calcified cysts were collected and stored in 70% ethanol for subsequent molecular analysis. We used polymerase chain reaction (PCR) to amplify a 392-bp fragment of the cytochrome *c* oxidase subunit 1 gene (*cox*1) using primers JB3 and JB4.5 \[[@CR17], [@CR18]\]. We then sequenced the PCR products using an ABI 3100 automated sequencer (Applied Biosystems, Foster City, CA), and determined the genetic identity of the species based on alignment of the nucleotide sequences of the *cox*1 gene \[[@CR19]\].

Results {#Sec3}
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Oral challenge resulted in metacestode infections in both groups; 2 out of 6 pigs in the *T. hydatigena* group and 6 out of 6 pigs in the *E. granulosus* group had visible metacestode infection at time of necropsy, all confirmed by molecular diagnosis to be the corresponding species. Circulating Ag was present in some, but not all, pigs in both groups; three pigs with verified infection (1 in *T. hydatigena* group and 2 in *E. granulosus* group) were negative on the Ag test. The presence of circulating Ag or anti-glycoprotein Abs over time for all pigs is shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} (corresponding data are available in Additional file [1](#MOESM1){ref-type="media"}: Tables S1 and S2).Fig. 1Serology and necropsy outcomes for pigs exposed to *Taenia hydatigena via* oral challenge with proglottidsFig. 2Serology and necropsy outcomes for pigs exposed to *Echinococcus granulosus via* oral challenge with proglottids

In the *T. hydatigena* group, four of the six pigs became seropositive on the LLGP EITB test, and in all instances, the seropositive reaction was only against the GP50 band. GP50 seropositivity first appeared between 2--6 weeks after exposure and was persistent at all subsequent testing points for two pigs (Pigs 3 and 4), both of which were infected with *T. hydatigena* cysts upon necropsy. Pig 1 had a transient seropositive reaction against GP50 which followed a transient peak of circulating Ag; no cysts were found in this pig on necropsy. Pig 2 rapidly showed both circulating Ag and reactivity against GP50, but it died 6 weeks after exposure so serological trends could not be fully evaluated; no cysts were found on necropsy despite a high level of circulating Ag. The final two pigs (Pigs 5 and 6) remained seronegative for Ag and Ab and no cysts were detected in either upon necropsy.

In the *E. granulosus* group all six pigs developed viable cyst infections detected at necropsy. One pig (Pig 2) developed a seropositive reaction against GP50 but only in a single serum sample. This seropositive reaction developed approximately six weeks after a transient peak in circulating Ag. In the other 5 pigs there was no Ab response on LLGP EITB at any testing point. Four out of the six *E. granulosus*-infected pigs had circulating Ag present; three (pigs 3, 4 and 6) showed persistently high or increasing Ag levels, one (pig 2) had transient circulating Ag, and two (pigs 1 and 5) did not develop circulating Ag.

Discussion {#Sec4}
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The results of this study confirm that exposure of pigs to *T. hydatigena* can result in cross-reaction against the GP50 diagnostic band of the LLGP EITB. Reaction against GP50 was seen in four out of six pigs challenged with *T. hydatigena* with Abs appearing as soon as two weeks post-infection. A few different Ab patterns were observed, including transient Ab associated with apparently cleared infection, persistent Ab in established infection, and a lack of Ab in both infected and apparently healthy animals. Although an Ab response against GP50 was also observed in the group of pigs challenged with *E. granulosus*, the evidence for cross-reaction is not conclusive, as the positive result was seen in only one out of 42 samples from the six infected pigs in this group. The results of the LLGP EITB for both *T. hydatigena* and *E. granulosus*-exposed pigs clearly contrast with those that emerge after oral challenge of pigs with *T. solium* \[[@CR10]\]. While Abs against GP50 emerge shortly after challenge with *T. solium*, a steady progression of circulating Abs against the other diagnostic bands follows over ensuing weeks, with reactions of up to seven bands occurring in established cyst infection (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Serial EITB LLGP test strips showing progressive development of antibodies against the glycoprotein antigens (bands) present (Garcia et al., unpublished data)

The LLGP EITB has been considered the gold standard for pig population studies of *T. solium* for decades given its high reported sensitivity and specificity \[[@CR10]\]. However, the observed cross-reaction at GP50 suggests that LLGP EITB results should be interpreted with caution in pigs, particularly in free-roaming animals that are exposed through their foraging to a broad range of parasites. However, we strongly feel that the LLGP EITB still provides useful information regarding the distribution and transmission of *T. solium*, and that use of the test for this purpose should not be discarded. Of the seven glycoprotein antigens that were included in the assay, only GP50 has been shown to cross-react with other organisms. Excluding GP50 from the assay will address the known cross-reactivity and improve the specificity of the assay, which can then be interpreted as positive if there is reactivity against any of the other six diagnostics bands. This approach will lower the sensitivity of the assay since GP50 is typically the first band to appear upon exposure to *T. solium*, therefore recent exposures may be missed. However, we view this as an acceptable trade-off given the otherwise exquisite sensitivity of the EITB LLGP and the need to maximize specificity for the intended use. Similar experiments involving oral challenge with other parasites should be conducted to support this approach. It can be noted, however, that a recent study found no cross-reaction on any band after oral challenge of pigs with *T. saginata* eggs \[[@CR12]\].

The LLGP EITB has been criticized based on the observation that the positive predictive value of seropositivity is around 50% in necropsies of naturally-infected pigs \[[@CR11]\]. Some of this can be attributed to the cross-reaction at GP50. However, it is important to stress that this criticism is based on an incorrect interpretation of what the assay delivers. The LLGP EITB is an Ab detection test, and as such it is expected to be positive in pigs that are exposed to *T. solium* eggs but do not develop established infection, as well as in pigs in which infection occurs but is cleared by the host immune response. These Abs continue to circulate after the infection has been cleared and thereby contribute to the host's acquired immunity. The results of the LLGP EITB therefore, should not be expected to accurately distinguish between active or cleared infection on an individual pig level. The results of the LLGP EITB can be correctly interpreted as a measure of the frequency of exposure to *T. solium* oncospheres in a population of pigs. Interpreted in this way, the LLGP EITB provides information that can be used to monitor the transmission of *T. solium* in a population of pigs.

The World Health Organization recently published results of a stakeholder meeting in which the optimal and minimal characteristics for tests of *T. solium* infection in human and pig hosts were proposed \[[@CR20]\]. Per the published Target Product Profiles (TPPs), the primary intended use of a test for porcine cysticercosis would be to monitor *T. solium* control interventions. It is our view that that LLGP EITB can provide information for this purpose. However, we readily agree that the LLGP EITB has deficiencies that keep it from being an ideal test for this purpose. As previously discussed, it falls short of the TPP requirement to test positive only in the presence of viable cysts and to revert to negative within ten weeks after the cyst infection is cleared. The LLGP EITB has other deficiencies as well, such as the limited availability of the test due to the requirement for native cysts and expensive equipment for preparation of the reagents, as well as a qualitative format that results in variability in interpretation. The availability of synthetic and recombinant forms of all of the antigens used on the strip may solve the former issue \[[@CR21]--[@CR23]\], although an alternate platform such as multiplexing would be required to produce a quantitative result.

Until an alternative test that fulfills all of performance characteristics detailed in the published TPP's is available, we will continue to use the EITB LLGP to monitor progress of control interventions. We will, however, exclude GP50 and instead consider reactivity against any of the other six glycoprotein bands as a positive result. Currently available Ag-detection assays cross-react broadly at the genus level and therefore do not have the specificity required to monitor transmission \[[@CR16], [@CR24]\]. Although detailed necropsy has been suggested as an alternative approach, this is highly resource-intensive and impractical in most settings \[[@CR11], [@CR25]\]. The sensitivity of necropsy is also unknown, and it is likely that some pigs with just one or a few cysts may be miscategorized as uninfected. Given that many naturally infected pigs have very few cysts in the entire carcass \[[@CR6], [@CR25]--[@CR27]\], necropsy can be expected to routinely underestimate transmission on the population level. Tongue examination for cysts is similarly afflicted with suboptimal sensitivity for the purpose of monitoring transmission, although it can be employed to identify focal points of transmission \[[@CR5], [@CR26]\].

An additional finding of this study was confirmation that the B158/B60 monoclonal antibody ELISA cross-reacts with *E. granulosus* in pigs. Four of six pigs challenged with *E. granulosus* proglottids demonstrated transient or persistent positive results indicating the presence of circulating Ags. This finding could have potential implications for use of the assay in humans, as there is no reason to suspect that B158/B60 would not also result in cross-reactions in humans. Previously, the specificity of Ag-detection tests in humans has not been considered to be a particularly relevant given the lack of other important metacestode infections in humans. Since Ag-detection using B158/B60 is routinely used to support diagnosis of NCC and to monitor the progress of the infection after treatment, the potential for cross-reactions of this assay in humans should be evaluated.

This study also has limitations which should be considered in the interpretation of the results. We only evaluated *T. hydatigena* and *E. granulosus* in our experiments, so we cannot rule out the possibility of cross-reactions on the LLGP EITB for other parasites, at the GP50 or other diagnostic bands. Similarly, we cannot rule out the possibility of reactions to other bands developing in later stages of infection with *T. hydatigena* and *E. granulosus*, given that we monitored serology only until 14 weeks post-exposure before conducting necropsy. It is also possible that the circulating Ab and Ag we observed are limited to the early period of infection and could wane in later stages of infection.

Conclusions {#Sec5}
===========

Serological assays that measure the presence of Ab or Ag in pig populations are important tools that allow efficient and timely monitoring of the transmission of *T. solium* cysticercosis, particularly in the context of ongoing control interventions. However, all available serological assays have limitations that fall short of the ideal characteristics identified by the WHO and other stakeholders \[[@CR20]\]. The study presented here confirms that *T. hydatigena* cross-reacts at the GP50 diagnostic band of the EITB LLGP assay in pigs, and that the results of this assay in pigs should be interpreted with caution. Until an alternative method that fulfills all of the performance criteria in the TPP becomes available, it is our view that the EITB LLGP can still be used to monitor transmission in populations of pigs by excluding GP50, and instead relying on the presence/absence of the other six diagnostic glycoprotein bands.

Additional file
===============

 {#Sec6}

Additional file 1:**Table S1.** Serology and necropsy outcomes for pigs experimentally infected with *Taenia hydatigena*. **Table S2.** Serology and necropsy outcomes for pigs experimentally infected with *Echinococcus granulosus*. (PDF 302 kb)

Funding {#FPar1}
=======

This research was made possible with support from the National Institute of Neurological Disorders and Stroke (NINDS) and the Fogarty International Center (FIC) under the Brain Disorders in the Developing World: Research Across the Lifespan program (grant R01NS080645).

Availability of data and materials {#FPar2}
==================================

All data generated or analyzed during this study are included in the article and its additional file.

LGP and AVC performed the oral challenge and maintenance of the pigs, and conducted molecular analysis. YC and MTLU performed serological assays developed by PD and CVWT. LGP, HHG, AEG and SEO designed the experiments. LGP and SEO analyzed the data and wrote the manuscript. All authors read and approved the final manuscript.

Ethics approval {#FPar3}
===============

The study was approved by the Ethics Committee for Animal Welfare at the School of Veterinary Medicine, National University of San Marcos (Lima, Peru) and by the Institutional Animal Use and Care Committee at Oregon Health & Science University (Portland, OR, USA).

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
